Abstract-This paper presents numerical investigations of various body-worn antennas and their characteristics when placed at different positions on the body in the band 100-1000 MHz. The parametric study conducted includes the use of multiple elements placed at various locations on the body to investigate the effect of diversity on increasing antenna coverage area. An important factor that is usually neglected when analysing antenna systems used in outdoor or indoor environments is the effect of ground presence and hence the reflections created by the ground on the antenna radiation performance which is analysed and numercially investigated in this paper.
I. INTRODUCTION
Antennas play important roles in defining the overall radio system performance and also the coverage area based on the antenna gain and possible radiated power [1] . Conventional antenna parameters include impedance bandwidth, radiation pattern, directivity, efficiency and gain which are usually applied to fully characterise an antenna [1] [2] [3] . These parameters are usually presented considering the classical situation of an antenna placed in free space, however, when the antenna is in or close to a lossy medium, like the human tissue, the performance changes significantly and the parameters defining the antenna need to be revisited and redefined [2] [3] [4] [5] [6] [7] . Since there are restrictions on the level of power to which the human body can be exposed, the design of the antenna and other RF components requires more careful considerations [2] [4] [7] . Computational EM techniques provide efficient and reliable means of designing and optimising antenna systems. This allows for more convenient methods to characterise antennas placed on complex lossy media, such as the human body placed in application-specific environment.
The paper presents numerical investigations of various body-worn antennas operating within the band 100-1000 MHz. It highlights the performance of various narrowband antennas placed on the human body at different environments in addition to introducing wideband elements to cover intended operation bands with constant efficieny and gain. The parametric investigation included the use of multiple elements placed at various locations on the body to investigate the effect of diversity on increasing antenna coverage area and also the influnce ground reflections have on radiation performance and hence coverage. The rest of the paper is organised as follows. Section II introduces the VHF/UHF antennas adopted for this study and brief analysis of their performance when placed on the human body. Wideband antenna covering the intended band of operation is presented in Section III. Sections IV and V covers the concept of diversity systems in providing better coverage and hence system performance and also the effect of ground reflections on antenna radiation, respectively. Summary of the findings and recommendations are discussed in Section VI.
II. ANALYSED VHF/UHF ANTENNAS
The antennas designed for this study were numerically investigated using the finite integral technique utilised in CST Microwave Studio™. The study included free space modelling of antenna performance in addition to on-body characterisation. Antenna types investigated are conventional elements used for applications in the VHF/UHF bands due to its simplicity, reasonable performance and low-cost. The designs include: half-wavelength dipole, wideband bow-tie and loop antennas.
Antenna on-body positions included the chest and the back, in addition to the leg for the dipole case. In order to demonstrate realistic antenna performance scenarios, the human body model (Detailed human model with different layers of tissues and organs based on the Visible Man Project by the USA Air Force Lab [8] [9]), as shown in Fig. 1 . The Hugo male model with Voxel resolution of 3mm and tissue electric properties up to 450MHz is applied with the resolution sufficient for modelling at the frequency band of interest since changes in permittivity and conductivity are quite small with limited variations.
Parametric study was conducted for the various types applied with varying antenna-body distance, on-body positions and radiation vs. frequency of operations as shown in Fig. 2 . Results show the importance of antenna positions and also the distance of the antenna from the human body in deciding the resonance frequency and hence the operation of the communication systems. Bow-tie antennas are proved to be most efficient and potentially applicable to the body-worn communication systems due to its simplicity, broader bandwidth of operation. The power absorption by the human body at frequencies of interest is significant and subsequently affect antenna efficiency, coverage range and system sensitivity. Gain values of the analysed antennas in free space ranged from 2-5 dBi; however, once worn by the user the gain has dropped to -3 to -7 dBi based on numerical simulation and measurement. Figure 3 presents the radiation patterns of the bow-tie antenna shown in Fig. 1a when placed on the chest and back of the human body at 320 MHz, which shows slight asymmetric perfoprmance due to variation in human tissue distributions and hence different absorption rates. 
III. WIDEBAND WEARABLE ANTENNAS
. The antennas designed and analysed in the previous sections were limited by the operating frequency which is directly linked to the dimensions of the radiating element. Therefore, antenna design that provides constant and stable coverage around the body and a cross the frequency band is a necessity. Analysis of potential antenna structures with wide impedance bandwidth as well as stable radiation characteristics across the entire frequency band was conducted (Fig. 4a presents the wideband CPW-fed planar inverted cone antenna (PICA) used in the study). The proposed antenna is derived from the common planar monopole disc UWB antenna. The proposed antenna showed excellent impedance matching in the band 100-800 MHz (see Fig. 4b ) when placed at different positions on the body and good radiation performance. Figure 5 shows the constant radiation performance across the band of interest. IV. GROUND REFLECTIONS EFFECT ON PERFORMANCE The human model used above including the different antenna elements applied was placed on top of a ground plane with conductivity of 0.06 S/m (deduced from studies in the open literature). Figure 6 shows the radiation patterns of a bow-tie antenna placed directly on the chest of a human model standing above a ground, in this case the ground plane is assumed infinite when modeling the problem numerically. The patterns presented illustrates the ground presence influence on the antenna radiation performance with nulls appearing at specific angular positions due to multipath reflections from the ground causing variation in pattern directivity compared to that for free space model.
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Ground No Ground Fig. 6 . Bow-Tie antenna placed on the human chest with resonance frequency at 175 MHz when placed on the body. The radiation patterns of the bow-tie antenna in the elevation plane when the body is in free space and standing on the ground. Fig. 7 demonstrates the increased power reflections and its major influence on the antenna performance especially when placed on the leg of the user due to reflections from the ground and hence nulls appearing in the far-field which might cause blind spots in communications that are important to be accounted for when oit comes to system performance. V. DIVERSITY ANTENNAS FOR IMPROVED COVERAGE Distortion and deformation of radiation patterns when antennas are worn by the user are also apparent due to the presence of lossy human body leading to high power absorption. Applying diversity antennas for wearable communication systems could provide simple and reliable solution to the shadowing. A two-element CPW-fed PICA antenna array (front and back of the body) was designed (Fi.g 4a) and provided excellent coverage when both antennas were driven in-phase for both azimuth and elevation planes (Fig. 8) .
On the other hand, out-of-phase operation of the proposed antennas showed the existence of nulls at certain angles due to the destruction of creeping waves on the body surface. Fig. 9 illustrates the creeping wave phenomenon due to diffraction around the human body and its effect on the field distribution around the body. (Fig. 1) when two elements are placed at the front and back of the human model. Fig. 9 . Electric field distribution around the human body when 2-element CPW-PICA antenna is placed on the chest and back and driven out-of-phase highlighting the creeping wave phenomenon causing destructive interference between the elements patterns and hence nulls in far-field operation.
VI. CONCLUSIONS The paper presented detailed numerical and experimental investigations of VHF/UHF antennas aimed for wearable communication systems. Parametric study on the effect of antenna-body distance, operating frequency and antenna type on the radiation and coverage performance was conducted to provide useful information for system designers and link budget analysis. In addition, the application of diversity technique to improve coverage is demonstrated and the importance of accurate environment modelling is emphasised. The study presented also demonstrated the efficiency of numerical EM modelling techniques and their validity in speeding design aspects of wearable communication systems once the essential paramters and evaluation procedures are considered.
